Objective-A single Pro-70 to Thr (p.P70T) mutation of amelogenin is known to result in hypomineralized amelogenesis imperfecta (AI). This study aims to test the hypothesis that the given mutation affects the self-assembly of amelogenin molecules and impairs their ability to conduct the growth of apatite crystals.
Introduction
Amelogenesis imperfecta (AI) is a group of genetically transmitted enamel defects 1, 2 . Mutational analysis of families with X-linked hypomaturation AI revealed a substitution of adenine for cytosine in exon 6 of the amelogenin gene that results in a proline to threonine change at position 70 (p.P70T) in the protein 3 . The affected enamel exhibits less mineral and a higher protein content as compared to normal enamel [3] [4] [5] . Amelogenins are proline-rich proteins that constitute the predominant component in the mineralizing enamel matrix. Pro-70 is highly conserved in amelogenin among many identified species and is in close proximity to a normal amelogenin cleavage site. Our previous in vitro studies verified that the p.P70T substitution caused a delay in the proteolytic cleavage of amelogenin by MMP20 6 . The high conservation and particular location of this proline imply its important functional roles. Despite extensive studies, the mechanism by which the p.P70T mutation of amelogenin distorts the normal enamel formation and hence contributes to the pathogenesis of AI is still unclear.
Amelogenin undergoes a spontaneous assembly to form nanospheres that are presumed as the basic building blocks for the initiation and oriented elongation of enamel crystals 7 . The assembly is driven by hydrophobic interactions and affected by pH, temperature and protein concentration 8, 9 . The tightly associated amelogenin nanospheres interact with apatite crystals, adhering thereto and protecting them from premature fusion 10 . Research has shown that the lack of the hydrophilic C-terminus of amelogenin caused a reduction in the binding affinity to apatite and an interruption of amelogenin self-association 8, 11 . During the enamel development, amelogenin proteins are progressively processed and eventually removed from the extracellular space to allow the mineral crystals to grow 12 . The AI-like phenotype observed in amelogenin knockout mice provides further strong evidence for the essential role of amelogenin in the modulation of enamel crystal growth 13 .
We hypothesize that the p.P70T point mutation affects the proper amelogenin-amelogenin and amelogenin-mineral interactions, which results in inhibited enamel crystal growth. These results, together with other basic studies, will provide a deeper insight into the pathological basis of AI, and also advance our understanding of the functions of proline residues in amelogenin. In that respect, the purpose of this paper is dual; on one hand, it serves the purpose of enabling us to grasp a deeper understanding of the bases of AI on the molecular level, whereas on the other hand it aims at elucidating the extent to which a single point mutation, in this case p.P70T, can affect a self-assembly of amelogenin and its interaction with the mineral phase.
Materials and methods

Apatite and protein preparation
Carbonated hydroxyapatite (CHAP) was synthesized as previously described [14] [15] [16] , and characterized by X-ray diffraction 16 . Apatite powders were sequentially passed through 30 and 60 μm meshes and only particles with sizes between 30 and 60 μm were collected for the experiments undertaken in this study. The specific surface area of the apatite powder was 74.7 m 2 /g 16 .
Recombinant human full-length amelogenin wild-type (rh174) and the mutant with Pro-70 to Thr mutation (p.P70T) were expressed in E. coli, purified and identified as described previously 17, 18 .
Dynamic light scattering (DLS) study of assembly
DLS analysis of rh174 amelogenin and p.P70T mutant was carried out using a DynaPro MS/ X molecular sizing instrument equipped with a MicroSampler (ProteinSolutions Inc., Charlottesville, VA,). Thirty μl of amelogenin (0.5 mg/ml) in 20 mM Tris-HCl buffer was injected into a quartz cell. Tris-HCl was previously adjusted to pH 7.4 at different temperatures to achieve the desired pH value at a given temperature. After inserting the quartz cell into the temperature-controlled chamber, samples were equilibrated for 10 min at 25 °C or 37 °C before DLS data were collected. Approximately 20 DLS measurements were obtained for each sample to provide adequate data replicates.
Atomic force microscopy (AFM) detection of amelogenin assemblies on apatite
The glass-ceramic used in this study contained rod-shaped fluoroapatite (FAP) crystals embedded in silica matrix 9, [19] [20] [21] . This glass-ceramic is unique due to the uniaxial alignment of apatite crystals obtained by high-temperature extrusion processing 19 . Prior to the crystal growth experiments, the glass-ceramic substrates were sectioned and polished to expose the predominant (001) plane of the extruded FAP rods. Each substrate was placed in a prelubricated microcentrifuge tube (Corning, Inc., Corning, NY) containing rh174 at concentration of 0.5 mg/ml (pH 7.4). After incubation with mild shaking for 60 min at 25°C, the substrates were rinsed with a few drops of deionized water and immediately dried with canned air. The microstructure of proteins immobilized onto the substrates was observed using Nanoscope III AFM (Digital Instruments, Santa Barbara, CA). Images were obtained in dry conditions using the tapping mode with high aspect-ratio Si-tips (r ~ 5 nm, I ~ 125 μm) (Nanosensors, Neuchatel, Switzerland) operating at approximately 300 kHz 22 .
Protein assays of amelogenin binding affinity
CHAP (0.5 mg) was thoroughly equilibrated in binding buffer (20 mM Tris-HCl, pH 7.4) in prelubricated tubes. To determine the maximum adsorption amount, different quantities of rh174 and p.P70T amelogenins (20, 40, 60 , 80, 100, 120, and 140 μg) were incubated with the equilibrated CHAP for 60 min at room temperature on a shaking incubator. After centrifugation at 5,000 g for 5 min, the unbound proteins remaining in the supernatant were quantified by Bradford assay (BioRad, Hercules, CA, USA). The time curves for binding of these two amelogenins were obtained by incubating 150 μg protein with 0.5 mg CHAP and collecting samples at different time points from 0 to 60 min. Experiments were performed in triplicate and statistical differences were calculated by Student'+s t test in Prism software (GraphPad Software, Inc., La Jolla, CA, USA). Both the proteins remaining in supernatant and bound on CHAP were also subjected to SDS-PAGE analysis.
Amelogenin-guided apatite growth
To study the effects of rH174 and p.P70T on apatite growth, dynamic precipitation experiments were carried out 23 . The polished FAP-glass ceramic substrates were immersed in 0.4 mg/ml protein suspended in 20 mM Tris/HCl (pH 7.40), 150 mM KCl, 0.2% NaN 3 and 2.5 mM KH 2 PO 4 . Two titrants comprising: a) 8.2 mM CaCl 2, 284 mM KCl and 20 mM Tris/HCl (pH 7.40 ± 0.02), and b) 5 mM KH 2 PO 4 , 7 mM KOH, and 20 mM Tris/HCl (pH 7.40 ± 0.02), were subsequently introduced into the reaction system in parallel at the constant rate of 1.2 ml/day at 37 °C , cumulatively, throughout the 7-day period of time. A single substrate was sampled out each day and evaluated for the crystal growth properties using Atomic Force Microscopy (AFM, Nanoscope III, Digital Instruments). The crystal heights were measured using the section analysis tool in NanoScope software. Heights of twelve randomly chosen peaks in three different 10 × 10 μm AFM images were measured and the average values were plotted as a function of the reaction time. Tapping-mode AFM was applied using Si-tips with a radius of about 5 nm (Supersharp, Nanosensors, Neuchatel, Switzerland).
Results
Effects of p.P70T mutation on amelogenin assembly detected by DLS
The average hydrodynamic radii (R h ) and polydispersity values (Cp) of rh174 and p.P70T amelogenins at concentration of 0.5 mg/ml were measured by DLS analysis. At 25 °C , the average particle size formed by wild-type rh174 amelogenin was found to be 21.7 ± 0.8 nm with Cp value of 22.0%. Upon an increase in temperature to 37 °C , the nanospheres appear to be slightly larger (R h = 25.9 ± 2.7 nm) and more heterogeneous (Cp=34.2%). In marked contrast, the p.P70T mutant formed significantly larger nanospheres with much wider size distribution at both temperatures (39.5 ± 3.0 nm with Cp value of 41.7 % at 25 °C , and 75.8 ± 9.6 nm with Cp value of 50.4% at 37 °C , P < 0.01 for both), indicating that the p.P70T mutation altered the sizes of the assemblies, especially at higher temperatures.
Comparison of rh174 and p.P70T amelogenin assemblies adhered to apatite surface by AFM
AFM measurements showed that the assembled proteins, either rh174 or p.P70T, were able to bind to the surfaces of both glass (darker area) and FAP crystals (lighter area) at their 001 faces ( Fig. 1A and 1B) . The nanospheres of rh174 deposited on the FAP surface were observed to possess uniform sizes between 20 and 30 nm (Fig. 1C) . Consistent with the DLS observation, the nanospheres of p.P70T mutant were generally larger (30-60 nm) (Fig. 1D ). In addition, some even larger (> 60 nm) as well as smaller nanospheres (< 15 nm) of p.P70T mutant were found on both crystal and glass surfaces (Fig. 1B and 1D ), suggesting that its assemblies were relatively more polydisperse than those formed by rh174 amelogenin (Fig.  1A and 1C ).
Comparisons of apatite-binding affinity between rh174 and p.P70T amelogenins
After incubation with the apatite crystals, the amounts of the adsorbed amelogenins were quantified. As shown in Fig. 2A and 2B, p.P70T amelogenin displayed much higher binding affinity as compared to rh174, though both of them quickly reached their adsorption saturation after 30-minute incubation. The saturated binding amount of rh174 amelogenin and p.P70T mutant were 875 ± 37 and 1194 ± 32 μg/m 2 , respectively. Data analysis using Student's t test showed a significant difference between these two groups (P < 0.01). The SDS-PAGE results further confirmed that more of the mutated amelogenin was bound to the apatite (lane 6), leaving less protein remaining in supernatants (lane 4) (Fig 2C) .
Effects of p.P70T and rh174 on the growth of apatite
Fig . 3A and 3B shows the morphology of the FAP crystals obtained in the dynamic precipitation experiments after 4.2 ml of the titration volume. Whereas there was no significant growth observed for the crystals immersed in p.P70T solution (Fig.3C) , samples analyzed after the same reaction time in rh174 were covered with crystals grown up to 700 ± 100 nm in height (Fig.3B) . Fig.3C demonstrates that the crystal growth is delayed in the presence of p.P70T as well as that the final crystal height, at the end of the 7-day experiment, is significantly lower in the mutant-comprising system.
Discussion
Our previous research revealed that the p.P70T mutation in amelogenin significantly decelerated amelogenin degradation by matrix metalloproteinase 20 (MMP20), highlighting the importance of this proline in amelogenin-MMP20 interactions 6, 18, 24 . In the present study, we further found that this specific mutation also affected the self-assembly and adsorption behavior of amelogenin, resulting in significantly inhibited crystal growth.
Conformational analyses suggest that amelogenin undergoes considerable structural transition from PPII/unordered conformation to ordered β-sheet upon self-assembly 25 , supporting the idea that amelogenin self-assembly is contingent on the intrinsic propensities of the polypeptide chain. As shown by our DLS measurements, the sizes of amelogenin aggregates after the p.P70T mutation doubled at 25 °C and tripled at 37 °C, which along with the increased polydispersity indicates an impaired self-assembly process. These findings are broadly consistent with the previous research on recombinant histidine-tagged murine amelogenins (R h of 20.7 ± 2.9 nm for wild-type and 45.5 ± 9.0 for p.P70T mutation at 25°C) 26 . Our subsequent AFM analysis provided further evidence that the p.P70T mutation influenced the extent and nature of amelogenin assembly, resulting in the formation of larger assemblies on apatite crystals. The dramatic differences observed between these two protein nanospheres suggested that the p.P70T alteration did affect amelogenin-amelogenin interactions during the self-assembly, which raises a question of how a single amino acid substitution can cause such substantial changes. This may be attributable to the unique characteristics of proline residue, the only amino acid containing a pyrrolidine five-member ring that reduces the structural flexibility of the peptide backbone. Proline often acts as potent breaker of β-sheet and frequently induces the reverse turn of β-hairpin in proteins 27 . Proline is commonly found in the edge strands in β sheets, presumably to avoid the "edge-to-edge" association between proteins that may lead to uncontrolled aggregation. It has been previously observed that substitution of proline residues results in an increased susceptibility of the protein to aggregation at elevated temperatures 28 . Pro-70 of amelogenin is located at the end of self-assembly domain A that is shown to be β-sheet dominant and essential for direct protein-protein interactions 26 . The replacement of this proline with threonine that lacks a β-carbon and has more back conformational flexibility may facilitate the extension of β-strand on the edge of β-sheet in the A domain, increasing the potential for edge-to-edge aggregation. As a result, larger and more heterogeneous nanospheres are formed, as observed by DLS and AFM in our present study.
Amelogenin molecules assemble into nanospheres by means of binding at the hydrophilic regions in the N-and C-terminus 29 . The hydrophobic central region of amelogenin forms a dense core of the nanospheres surrounded by extended C-terminal tail and slightly buried Nterminus 29, 30 . Although the highly charged C-terminus of amelogenin has significant apatite binding affinity, the pretreatment of CHAP apatite with C-terminal telopeptide could not completely block the further binding of full-length amelogenin (data not shown), indicating that the segments other than the C-terminus are also involved in the amelogenin-crystal interactions. It has been suggested that the N-terminal region of amelogenin is able to bind to hydroxyapatite crystals to some degree 29 . Our present study suggests that the p.P70T mutation in amelogenin N-terminus increases the binding of amelogenin to apatite. It is possible that the replacement of proline with more flexible threonine makes the slightly buried N-terminus more prone to stretch out from the nanosphere structures, enhancing their chances to interact with the apatite. Therefore, we assume that the structure of amelogenin nanospheres is important for their binding affinity and ability to interact with the apatite crystals.
Extensive studies have shown that amelogenin nanospheres are directly involved in controlling the structural organization and growth habit of apatite crystals, and this control is affected by many factors, such as pH and the degree of ionic saturation 9, 31 . To further identify the effect of the disturbed amelogenin self-assembly on the apatite growth, a dynamic titration was applied in our crystallization experiments. The dynamic titration allows for replenishment of the precipitating solutes by continuously supplying the solution with calcium, phosphate and hydroxyl ions. As such, this approach maintains the degree of saturation of the solution in the metastable range with regard to apatite, which facilitates a continuous and yet controlled crystal growth. Data from our dynamic settings showed that p.P70T mutation of amelogenin induced severe retardation of the crystal growth as compared to control amelogenin. Aside from their function to support and protect the forming crystals, amelogenin nanospheres are also thought to create ionic channels through the apposition of their surfaces to facilitate ion transport for enamel biomineralization 32, 33 . The packing pattern of the nanosphere structures and their individual size may affect the channeling 32 . Thus, the altered amelogenin nanospheres and their increased apatite-binding amount by p.P70T mutation may disrupt the optimal channeling conditions and thereby interfere with the flow of precursor ions, resulting in inhibited mineral growth.
In conclusion, the results of the present study strongly suggest that highly conserved Pro-70 of amelogenin may occupy a key position in the conformational transition and maintenance upon protein self-assembly. It may provide local rigidity and a specific turn in the nanosphere structures, which is essential for the interactions with neighboring molecules. Replacing this proline with much more flexible threonine disturbs the normal self-assembly and apatite binding behavior of the protein. These alterations further change the desired microenvironment for apatite crystal growth, leading to its retardation. The results presented in this study provide an important insight as to how p.P70T mutation causes AI. These and similar fundamental insights on the biological role of fine structural elements of protein ingredients of the enamel matrix may improve our knowledge of the process of amelogenesis and eventually help us imitate it in vitro with a higher precision and efficiency. Both rh174 and p.P70T assemblies were able to bind to the surfaces of glass (darker area) and FAP crystals (lighter area) at their (001) faces (3A and 3B). p.P70T mutant formed larger and more heterogeneous nanosphere assemblies (B and D) than rh174 (A and C). 
